Vibrio coralliilyticus (V.c.) has emerged as a coral pathogen of concern throughout the Indo-Pacific reef. The interest towards understanding its ecology and pathogenic potential has increased since V.c. was shown to be strongly virulent also for other species; in particular, it represents a serious threat for bivalve aquaculture, being one of the most important emerging pathogen responsible for oyster larval mortalities worldwide. V.c. has a tightly regulated temperature-dependent virulence and it has been related to mass mortalities events of benthic invertebrates also in the temperate north-western Mediterranean Sea. However, no data are available on the effects of V.c. in the mussel Mytilus galloprovincialis, the most abundant aquacultured species in this area. In this work, responses of M. galloprovincialis to challenge with V.c. (ATCC BAA-450) were investigated. In vitro, short term responses of mussel hemocytes were evaluated in terms of lysosomal membrane stability, bactericidal activity, lysozyme release, ROS and NO production, and ultrastructural changes, evaluated by TEM. In vivo, hemolymph parameters were measured in mussels challenged with V.c. at 24h p.i. Moreover, the effects of V.c. on mussel early embryo development (at 48 hpf) were evaluated. The results show that both in vitro and in vivo, mussels were unable to activate immune response towards V.c., and that challenge mainly induced lysosomal stress in the hemocytes. Moreover, V.c. showed a strong and concentration-dependent embryotoxicity. Overall, the results indicate that, although M. galloprovincialis is considered a resistant species to vibrio infections, the emerging pathogen V.c. can represent a potential threat to mussel aquaculture.
Introduction
information is available on the possible vibrio pathogens affecting Mytilus embryo development 27 [19] . 28 In this work, data are presented on responses of M. galloprovincialis to challenge with the 29 emerging marine pathogen V. coralliilyticus. In vitro, short term responses of mussel hemocytes to 30 V. coralliilyticus were evaluated in terms of lysosomal membrane stability (LMS), bactericidal 31 activity, extracellular lysozyme release, ROS and NO production. The effects on hemocyte 32 morphology were also investigated by TEM. In vivo, hemocyte LMS, ROS production and serum 33 lysozyme activity were measured in mussels challenged with V. coralliilyticus at 24 h post-34 injection. Moreover, the effects of V. coralliilyticus on mussel early embryo development (at 48 h 35 post fertilization) were evaluated. 36 37 2. Methods 38 2.1 Mussels and bacteria 39 Mussels (Mytilus galloprovincialis Lam), 4-5 cm long, were purchased from an aquaculture 40 farm (Arborea-OR, Italy) in October 2017 and kept for 1 day in static tanks containing aerated 41 artificial sea water (ASW), salinity 36 ppt (1 L/mussel) at 18°C. Hemolymph was extracted from 42 the posterior adductor muscle using a sterile 1 mL syringe with an 18 G1/2″ needle. With the needle 43 removed, hemolymph was filtered through a sterile gauze and pooled in 50 mL Falcon tubes at 44 18°C. Hemolymph serum was obtained by centrifugation of whole hemolymph at 100 x g for 10 45 min, and the supernatant was sterilized through a 0.22 μm-pore filter. Laboratories) at 20°C under static conditions; after overnight growth, cells were harvested by 49 centrifugation (4500 x g, 10 min), washed three times with artificial seawater (ASW), and 50 resuspended to an Abs 600 = 1 (about 10 8 CFU/mL). Thiosulfate Citrate Bile Salts Sucrose (TCBS) 51 53 2.2 In vitro challenge of Mytilus hemocytes with V. coralliilyticus 54 Hemocyte monolayers were prepared as previously described [18, 20] and incubated at 18°C 55 with suspensions of V. coralliilyticus suitably diluted in hemolymph serum at different 56 concentrations (5 x 10 5 , 5 x 10 6 , 5 x 10 7 CFU/mL), for different periods of times, depending on the 57 endpoint measured. Untreated hemocyte samples in serum were run in parallel. All experiments 58 were performed in triplicate. 59 60
Determination of lysosomal membrane stability-LMS

61
Lysosomal membrane stability-LMS in hemocyte monolayers was evaluated by the NRRT 62 assay as previously described [17, 18, 20] . Hemocyte monolayers on glass slides were pre-incubated 63 for 30 min with different concentrations of V. coralliilyticus. Hemocyte monolayers were washed 64 out and incubated with 20 µL of a neutral red (NR) solution (final concentration 40 µg/mL from a 65 stock solution of NR 20 mg/mL DMSO-dimethylsulfoxide). After 15 min, excess dye was washed 66 out, 20 µL of ASW was added, and slides were sealed with a coverslip. Every 15 min, slides were 67 examined under optical microscope and the percentage of cells showing loss of dye from lysosomes 68 in each field was evaluated. For each time point, 10 fields were randomly observed, each containing 69 8-10 cells. The endpoint of the assay was defined as the time at which 50% of the cells showed sign 70 of lysosomal leaking, i.e. the cytosol becoming red and the cells rounded. All incubations were 71 carried out at 18°C.
72
For comparison, LMS was evaluated using the Mediterranean strain V. coralliilyticus TAV24
73
[16] in the same experimental conditions as described above. 76 Bactericidal activity was evaluated as previously described [20, 21] . Hemocyte monolayers 77 were incubated with different concentrations of V. coralliilyticus at 18°C, for different periods of time (60-90 min). Immediately after the inoculum (T = 0) and after 60 and 90 min of incubation, 79 supernatants were collected and hemocytes were lysed by adding filter sterilized ASW 80 supplemented with 0.05% Triton x-100 and by 10 s agitation. Supernatants and lysates were pooled 81 and tenfold serial diluted in ASW. Aliquots (100 μL) of the diluted samples were plated onto TCBS 
Bactericidal activity
2.3
In vivo challenge of adult mussels with V. coralliilyticus 126 Mussels were kept for 24 h in static tanks containing aereated artificial sea water (1 L/mussel) 127 at 18°C. Mussels were in vivo challenged by injection of live V. coralliilyticus into the posterior 128 adductor muscle, as previously described [20] , with 50 µL of a bacterial suspension containing 1 x 129 10 8 CFU/mL in PBS-NaCl (in order to obtain a nominal concentration of 5 x 10 6 CFU/mussel).
Effects of V. coralliilyticus on embryo development
138 Sexually mature mussels (M. galloprovincialis Lam.), purchased from an aquaculture farm in 139 the Ligurian Sea (La Spezia, Italy) between November and March, were transferred to the 140 laboratory and acclimatized in static tanks containing aerated artificial sea water [22], pH 7.9-8.1, 141 36 ppt salinity (1 L/animal), at 18 ± 1°C. Mussels were utilized within 2 days for gamete collection.
142
When mussels beginning to spontaneously spawn were observed, each individual was immediately 143 placed in a 250 mL beaker containing 200 mL of aerated ASW until complete gamete emission.
144
After spawning, mussels were removed from beakers and sperms and eggs were sieved through 50 145 mm and 100 mm meshes, respectively, to remove impurities. Egg quality (shape, size) and sperm 146 motility were checked using an inverted microscope. For each experiment, eggs and sperm from 147 two individuals were selected and counted to give a single pairing. Eggs were fertilized with an 148 egg:sperm ratio 1:10 in polystyrene 96-microwell plates (Costar, Corning Incorporate, NY, USA).
149
After 30 min fertilization success (n. fertilized eggs/n. total eggs x 100) was verified by 150 microscopical observation (>85%).
151
The 48 The EC 50 was defined as the concentration causing 50% reduction in the embryogenesis success, 176 and their 95% confidence intervals (CI) were calculated by PRISM 5 software (GraphPad Prism 5 177 software package, GraphPad Inc.). NRRT assay, with respect to controls. The lowest concentration tested (5 x 10 5 CFU/mL) was 184 ineffective, while a moderate decrease was observed at 5 x 10 6 CFU/mL (-25%; p<0.05). At the 185 highest concentration (5 x 10 7 CFU/mL) lysosomal membranes were completely destabilized (-186 98%; p<0.01). Interestingly, similar results were obtained with the Mediterranean strain V. 187 coralliilyticus TAV24 (Fig. S1 ).
188
Bactericidal activity: the capacity of mussel hemocytes to kill V. coralliilyticus ATCC BAA-189 450 was investigated using a bactericidal assay that evaluates the number of live, culturable bacteria 190 at different times of incubation ( Fig. 1B) . Hemocytes were incubated with V. coralliilyticus, at the The effects of challenge with V. coralliilyticus ATCC BAA-450 (5 x 10 6 CFU/mL) on the 207 morphology of mussel hemocytes were observed by TEM at different times of incubation (5, 15 and 208 30 min) and representative images are reported in Fig. 3. Fig, 3A shows V. coralliilyticus ATCC
209
BAA-450 before the addition to the hemocytes. A control hemocyte is shown in Fig. 3B ; as 210 previously reported [18, 20] , in hemocyte monolayers control cells are mainly represented by 211 granulocytes, whose cytoplasm is filled by small intracellular granules of different electron 212 densities.
213
V. coralliilyticus induced morphological changes in the hemocytes at the plasma membrane 214 and cytoplasmic level as soon as 5 min from addition. Some cells formed irregular pseudopodial 215 extensions ( Fig. 3C) , while others showed a more flattened shape, with the cell membrane lining 216 portions of empty cytoplasm (Fig. 3D ). Different ultrastructural changes were more evident at 15 217 min post-infection. In addition to the formation of long pseudopodia, V. coralliilyticus mainly 218 affected the intracellular vacuolar system, as shown by the appearance of enlarged vacuoles of 219 heterogeneous content, empty vacuoles, or vacuoles containing granular material ( Fig. 3E and 3F ).
220
At 30 min, large electron dense vacuoles of heterogeneous content were observed, suggesting 221 lysosomal fusion events, together with empty vacuoles and irregular plasma membrane surfaces 222 ( Fig. 3G and 3H ). No bacterial internalization was observed at any time of incubation (not shown). hemocyte ROS production (Fig.4C) were observed; interestingly, the basal levels of ROS were even reduced with respect to controls (-24%, p<0.05). Finally, in V. coralliilyticus-injected mussels,
233
Vibrio counts were significantly higher (about 7-folds; p<0.01) in hemolymph collected at 24 h p.i., 234 compared to those in hemolymph collected immediately after infection (T=0) (Fig. 4D) , indicating 235 bacterial growth. Fertilized eggs were exposed to different concentrations (from 10 1 to 10 6 CFU/mL) of V. hemocytes, in the absence of lysosomal stress, were able to efficiently kill bacteria, at the highest 262 concentration tested (10 7 CFU/mL) V. coralliilyticus was cytotoxic, and no bactericidal activity was 263 observed. Interestingly, from these data V. coralliilyticus appears to be more virulent to M. The effects of V. coralliilyticus were also investigated in vivo, in hemolymph from injected 280 mussels sampled after 24 h p.i. In these conditions, challenge with V. coralliilyticus induced a 281 significant decrease in hemocyte LMS, but did not result in activation of immune parameters, thus 282 confirming the in vitro data. In addition, vibrio challenge even reduced basal ROS production. insight into the pathogenic effects of V. coralliilyticus in mussels.
327
In a global warming scenario, an increase in the seawater temperature could promote the 328 proliferation and the potential disease outbreaks associated with Vibrio pathogens also in mussels.
329
This is of particular concern in temperate regions such as the Mediterranean sea, where the relative 330 increase in seawater temperature seems to be higher than in tropical areas [31] . investigation. Despite the fact that V. coralliilyticus appears to be a global bivalve pathogen, there is 338 limited information about its pathogenicity, infection mechanism and/or disease mitigation. These 339 studies will contribute to understand the potential threat of this vibrio to bivalve aquaculture in the 340 Mediterranean. 
